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Elements Extraction of GaAs Dual-Gate
MESFET Small-Signal Equivalent Circuit

Wei-Kung Deng and Tah-Hsiung Chiember, IEEE

Abstract—A procedure for the extraction of intrinsic and
extrinsic elements of dual-gate MESFET (DGMESFET) small-
signal equivalent circuit is described in this paper. All the el-
ements to be used as the initial values for the optimization
calculation are extracted from dc and RF measurements with G o——
analytical formula. The elements of extrinsic series resistance -
are determined by considering the distributed channel resistance
under the regions of two gates with the use of the “end resistance
measurement” method. The elements of extrinsic capacitance and
inductance are extracted by three-portY -matrix and Z-matrix
calculation from cold measurements. The intrinsic elements of s
DGMESFET, which is biased properly to be two decoupled
single-gate MESFET's, are directly extracted from hot measure- @
ments. The extracted element values are then optimized to fit the

- ; U . D+ (or S2)
resulting equivalent circuit to the measured three-port.S-matrix.

i o
The developed procedure gives a practical and accurate approach FET1 b
for DGMESFET characterization. Gio - -
Index Terms—Dual-gate MESFET, equivalent circuit, param- FET2
eter extraction.
G2
S

I. INTRODUCTION

HE equivalent circuit of a dual-gate MESFET (DGMES- (b)
FET) is essential in the design of microwave CirCUitS;, 1 gy mpoic diagram of (a) a DGMESFET and (b) a cascode circuit of
The DGMESFET small-signal [I]-[3] and large-signal [4kwo SGMESFET's.

models have been proposed by many authors. In general, a

DGMESFET is basically modeled as a cascode circuit of

—p

instrinsic

two single-gate MESFET’'s (SGMESFET) [2] as shown in strineic o PEE
Fig. 1. The typical small-signal equivalent circuit of a coplanar Lot 1 FET1 e
g Agt Cgat ! Rz 59\ Ld .

DGMESFET, as shown in Fig. 2, contains two intrinsic FET'S & o "— %y WA
and extrinsic elements with a total of about 27 elements. I
Therefore, a straightforward optimization by fitting the element Lomi L) o sz cgz
values of the equivalent circuit to the measured three-fort ! 'if”ff | LA g
matrix usually yields physically unacceptable results due to i ‘

the calculation trapped into a local minimum. In addition, ‘

Rg2",
the port D; or S, connecting between two intrinsic FET's
cannot be directly probed for measurement. It is then not easy I B
to directly apply the analytical formula for the extraction of Lt Crg2 Loz 9m2=Imme™
SGMESFET equivalent circuit elements [5] to the case of | | Smr S
DGMESFET. In this paper, we develop a procedure for the 5t G2

extraction of extrinsic and intrinsic elements of a small-signal ) ) o
equivalent circuit of DGMESFET. The element values afdd 2 A small-signal equivalent circuit of DGMESFET.
initially extracted by dc and RF measurements using analytical
formula. These values are then tweaked by optimization to
yield accurate and correct results.
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Fig. 3. Measured bidirection dc transfer characteristics of a GaAs DGMES-
FET with 1 xm gate length and 30@m gate width for gates 1 and 2. Fig. 4. Equivalent circuit of DGMESFET as biased at pait

is proposed to consider the distributed channel resistance. Tith I unchanged, FET1 is operated in the linear region as
element values of extrinsic series resistance are then extradedsistor. FET2 is, however, biased at the s&fpg,, Vs, s,
by using the “end resistance measurement” method [7]. ThadI, as those for”; point by adjusting’ps properly. FET2
extrinsic elements of capacitance and inductance are extradtgethen in the same active region as that in the DGMESFET
using three-port”-matrix andZ-matrix calculations from the operation. This gives the operation of DGMESFET to be two
cold measurements with the gate 1 or 2 of DGMESFET decoupled SGMESFET'’s with FET2 bias condition unchanged
forward bias or reverse bias accordingly. For the intrinsend FET1 as a series resistor. It can simplify the intrinsic
elements, we use the DGMESFET bidirectional dc transfelements extraction to be described in the following. Note
characteristics to find the proper bias voltages for having ooae can similarly shift the bias point of FET2 &, and the
intrinsic FET in linear region and the other intrinsic FET iroperation of DGMESFET becomes a SGMESFET (FET1) in
active region. This then allows us to derive the analyticgkeries with a resistor (FET2).
formula for the intrinsic elements of DGMESFET.

In the following, Section Il describes the extraction formul®. Intrinsic Elements
of DGMESFET intrinsic elements with the use of its dc As described above, the dc transfer characteristics of

transfer characteristics. In Section Ill, the extraction formuBGMESFET can be decomposed into two cases. In each
of extrinsic elements including series resistance, parasiggse, there is one FET operating as a resistor and the other
inductance, and capacitance are presented. The experimeaia ;o operating at the same dc biases as those in the
results using the developed extraction procec_;lure of_an PGMESFET operation. For example, as the biases change
Wafer coplanar DG,ME,SFET are pregented in_Section 1Y, P, to P, FET1 can be modeled by series resistance
Finally, the conclusion is given in Section V. R; 4+ R.; + Ry». Since the biases of FET2 are unchanged in
the same active region as that in the DGMESFET operation,

[l. INTRINSIC ELEMENTS EXTRACTION the three-port equivalent circuit can be reduced into a two-port
equivalent circuit as shown in Fig. 4. Similarly, as the bias
A. DC Transfer Characteristics point is changed td”, FET2 is modeled by series resistance

Since DGMESFET is a cascode circuit of two single-gatBi2 * ez + Ita. FET1 is then in active region with the

FET's, its bidirection dc transfer characteristids(Vg,s, 'cSulting two-port equivalent circuit as shown in Fig. S.
Figs. 4 and 5 indicate that one can use the similar ma-

Ve, s)|lvps €an be derived using ) K ) - :
trix manipulation as those for SGMESFET given in [5]. In
Vbs = Vp,s + Vbbp, (1) other words, as the extrinsic elements are extracted, one can
Vaup. = Va.s — V. s ) acquire the two-por¥ -matrix from the measured two-paost
2471 2 1

matrix. The intrinsic elements of FET1 and FET2 can then be
with the dc transfer characteristics of two SGMESFET'determined analytically as follows:
[8]. Fig. 3 shows an example of the measured dc transfer Tm(Y12)

characteristics of a DGMESFET with im gate length and Codj =—— 3)

300m gate width. AsP; is the bias point of DGMESFET (Vi — wCos Re(Vi:))2

with Vps = 5V, VGls = —-04V, and VGZS =2V, Ogsj = ( llw gdj)( + (hn((y*ll)(_ll(j)C' d')2> (4)
gay

it corresponds tolp = 19.8 mA, Vg, p, = —0413 V,
Vp,s = 2.413 V, and Vpp, = 2.587 V. As one horizontally g Re(Y11)

i = (5)
shifts the bias point of FET1 &, by changind/, s andVp, s T (Im(Y11) — wCyqj)? + (Re(Y11))?
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Fig. 6. Schematic diagram of DGMESFET for “end resistance measure~" 5,
ment” method.R.1, R.> are the distributed channel resistance under the g

regions of gates 1 and 2, respectively;» is the bulk resistance between ¢ 15} 1
gates 1 and 2. 2 .
=] ok i
5+ i
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Lo ; Cgaz =~ Cgi Cog | Fig. 9. Measured results of (AVy1.)/(Algis), (AVya)/(ALya),
| fsg | (AVy25)/(Alye,), and (AVyzq)/(Alyzq) at forward bias with drain
} . [ terminal or source terminal floating.
Rgo ©
i 1 ‘ I1l. EXTRINSIC ELEMENTS EXTRACTION
¢ Cpg2 \?
¢ Lg2 . . .
4 - A. Extrinsic Series Resistance
L G po
G2 Fig. 6 describes the dc behavior of a cold DGMESFET with
Fig. 7. Equivalent circuit of coplanar cold DGMESFET with FET1 revers@ates 1 or 2 under forward bias. The region under gates 1 or 2
biased and FET2 forward biased. is modeled as a uniform distributed resistive network. The cur-
rentl,; is then divided to bé,; , to the source port anfj,; 4 to
Gmj = the drain port after it flows through the gate 1 region. Similarly,

N N 1,5 becomed 5, andl,4 after it flows through the gate 2 re-
\/((RE(Ym)) +(Im(Y2; ) +wCyy;) )(1 +w2C2_R%)  gion. Five independent equations can then be acquired from the
“end resistance measurement” method [7]. They are given as

(6)
== sin! <_“ng’ = IIH(YQIE,";“CQS]RZ] Re%)) —i?; [ deain tonting = Rt + ”;IVT + 74 R (10)
(7) AV2s naVr | Reo
Cdsj :IIn(Yég) _ wcgdj (8) mhrain floating :RgQ + E + 3
w + Rip + R + R, (11)
9dsj =Re(Ya2) %) AVg2d| R+ no Vo n R.o +R, (12)
wherej = 1, 2 for FET1 and FETZ2, respectivelRe andlin Algaq onwee floating = o2 Ig2q 3 ¢
are the real part and imaginary part operators. In the following AVg1d lsousce foating = Fg1 iV + R,

section, the formulas to extract the extrinsic elements are  Alq Iy1q 3
derived. + Ris + Reo + Ry (13)
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INITIAL AND FINAL VALUES OF THE DGMESFET

TABLE |
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EXTRINSIC AND INTRINSIC ELEMENTS

clements | inital values | final values
C'ys1 0.2pt 0.22p#
R Q 6.119
Gm1o 0.058A4/V" | 0.0618A4/V
T T.6ps T.2ps
Cynr 63/ F GA.3fF
ga1 10125 9.6m.S
Cua 0.15pF 0.051p#F
Clys2 0.295pF 0.24pF"
1y 1082 90
Gm20 0.034/V 0.0254/V
Ty 8.04ps 7.7ps
Cyaz 63f1° 6011
Gz 5.88mS& 6.67Tm.S
Casy 0.031pF 0.03p#
R .42 1.320
Ry2 1.0402 0.9682
R, 4.86Q 4.820
R, 4.81Q 4.04Q
Ris 3.06Q 3.049
Cogt 8T[F T2/F
Choy2 1201 105fF
Clpd 38fF 571
L, 0.001nd 0.001nll
Ly 0.089n 11 0.095mn 1
L, 0.0186n 11 0.0190n 11
L,, 0.0173n il 0.0168n 11
0.05 . . ; . ;
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Fig. 10. Measured results of the imaginary part of three-ponatrix at

Frequency (GHz)

Vas = OV, Vyis < Vi, and I, = 1 mA.

Vas

Rcl

T |drain floating = T + Rsa

Igls

where ni, no are ideality factors of gates 1 and 2

is the thermal potential.

Equation (10) shows a straight line &,
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Fig. 11. Extracted results of extrinsic elements of capacitance.
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Fig. 12. Extracted results of extrinsic elements of inductance.

mean values ofAV,,)/(Al;,) can be calculated to solve
niVp and R, + (R.1/3)+ R, by a least square error method.
By using the same process, (10)—(13) become the following
three-portZ-matrix expression;

R

R =Ry + TCI + R, (15)
Rc?

Rop =Ry + = + Riz+ R + R; (16)
R,

Ray =Ry + = + Ry (17)
K,

Ry =Ry + 31 + Ris+ Ra+ Ry (18)

and (14) can be rewritten as

Rcl

R, =
2

IR, (19)

To solve these seven extrinsic elements of series resistance,

— I15 charac- two additional equations can be selected using the following

teristics withn; V7 as the slope an®,; + (R.1/3) + R, as approaches.
the intercept point. Therefore, from a set of measurements ofl) The relation ofR.; and R.2, R.; = mR.s, provided
the gates 1 and 2 channel length ratiois known.

currentl,; , and voltageV,, with drain terminal floating, the
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-90 5 calculated
o measured

Fig. 13. Measured and calculatédparameters of DGMESFET at bias poiRt given in Fig. 3 with port 1: gate 2 and port 2: drain.

2) The value ofR, + R12+ R.o+ R4 obtained from Hower C. Extrinsic Inductance
and Bechtel method [9] by floating gate 2 terminal. Fig. 8 shows the equivalent circuit of a cold coplanar

3) The values ofR;, and R,, are acquired from dummy hGMESFET with FET1 and FET2 both at forward bias.

pad resistance measurement, _ FET1 and FET2 are then modeled by resistive networks.
4) The values offt, and ity of SGMESFET [5] provided The jmaginary part of its three-pofi-matrix, with frequency
the same device structure and processing in DGMESFL|ow a few gigahertz, can be written as

for source and drain terminals.

Therefore, five extrinsic resistance elements including Im(Z1y) =w(Lgy + Ls) (25)
Ry, Ry, R,, Ry, and B> can be determined.

IIH(ZQQ) :w(ng —|— LS) (26)

B. Extrinsic Capacitance Im(Zs3) =w(La + L) 27)

Fig. 7 shows the equivalent circuit of a cold coplanar Im(Z21) =wLs. (28)

DGMESFET in which FET1 is reverse biased in the pinch-
off region and FET2 is forward biased in linear region. Th®ne can then solve the values of extrinsic inductance
imaginary part of its three-pork’-matrix, with frequency L., L., L,, and Ly from cold DGMESFET S-matrix
below a few gigahertz, can be written as measurement using (25)—(28).
Based on the approach described above, values of extrinsic
Iin(Y11) =w(C, 2C 20 S L : X
m(Yiz) =w(Cp +2C) (20) " and intrinsic elements can be determined using analytical

(Y1) = - wCi (1) formula from dc and RF measurements. These element val-
Im(Y%2) = w(2C;a2 + 2Cp,2) (22) ues are then used as the initial values of a DGMESFET
Im(Ya3) = — w2Cya2 (23) equivalent circuit for the optimization by fitting the result-

ing equivalent circuit to the measured three-pSrmatrix.
Im(Yss) = w(Cpa + 2Cgaz + Cun)- (24) ngerqal commercial high-frequency circuit sinEn)uIators, such
One can then solve the values of extrinsic capacitanas HP/EESof, can be used for this optimization calculation.
Cpg1, Cpg2, Cpa, and Cgyqe from the cold DGMESFET Since the optimization calculation is only used to tweak the
three-portS-matrix measurement using (20)—(24). element values, gradient search is suitable to minimize the
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-90° g calculated Y
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Fig. 14. Measured and calculatédparameters of DGMESFET at bias poiRt given in Fig. 3 with port 1: gate 1 and port 2: drain.

error function defined by SUN Sparc-20 work station. Fig. 9 shows the measured results
of (AVg)/(Alg1s), (AVgia)/(Algia), (AVg2s)/(Algas),
and (AV2q)/(AIq) with drain terminal or source terminal
1 floating and forward gate current ranging from 1-10 mA. The
BF = N ; ; “ 15m)]2 29 are sh%wn in straigh?lines, with curvgeAngls)/(AIgls) and ’
T Y (AVy24)/(Algaa), (AVg2s)/(Alg2s), and (AVgra)/(Algia)
close together due to the device symmetry. The resulting
where S is the measured-parameterssfj) is the calcu- values of series resistance extracted using (15)—(19) are listed
lated S-parametersiV;; is the weighting factors, an/ is the as the initial values in Table I.
number of frequency points.

SRS IS5 = s

Y R B. Cold Measurement for Extracting Inductance
- MEASUREMENT RESULTS and Capacitance Elements

A coplanar DGMESFET with gate length Jim and gate Th ; :
. i e three-portS-matrix of DGMESFET at biasV,;; <
width 4 x 75 um for each gate, fabricated by HEXAWAVE Vi Vi = —1V), I, = 1 mA, and Vg = O V is

Inc., is used to extract extrinsic and intrinsic elements Ofu’ﬁeasured from 2 to 6 GHz using an HP8510C with HP8511

small signal equivalent circuit based on the extraction form A
: : uency converter as a three-port network analyzer. Mea-
described above. The wafer is probed by three GSG pro% d y i y

; Sied results ofm(Y11), Im(Ya22), Im(Y>2 ), andIm(Yzs3) are
on a Cas_che SUMMIT-Q_OOQ probe station. The dc trans Hown in Fig. 10. Extracted values @f,,1, Cpq2, and Cpq
characteristics are given in Fig. 3.

using (20)—(24) are shown in Fig. 11. Fig. 12 shows the
values of L,, Ly, L,1, and Ly, extracted using (25)—(28)
from the S-matrix measurement with DGMESFET biased at
Vps = OV, Iy, = Iy, = 3 mA. Both the capacitance

DC end resistance measurements are conducted using araid& inductance values are shown independent of the operation
4145B semiconductor parameter analyzer automated witHraquency.

A. DC End Resistance Measurement for Extracting
Series Resistance Elements
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S:aj

B calculated R
o measured

Fig. 15. Measured and calculated three-gontnatrix of DGMESFET at biag® given in Fig. 3 withVs =5V, Vi1 = —0.4 V, and Ve = 2 V.

C. Hot Measurement for Extracting Intrinsic and final values of the extrinsic and intrinsic elements of
Elements and Optimization Results DGMESFET.

As illustrated in Section I, two sets of two-pastmatrices
are measured. One hot measurement is that the DGMESFET
is biased at point? given in Fig. 3. The intrinsic elements A procedure for extracting the small signal equivalent circuit
of FET2 are then extracted using (3)—(9). Fig. 13 shows tledements of DGMES-FET has been described. All the intrinsic
results of measured and calculat&gharameters of FET2. The and extrinsic elements are directly extracted from dc and RF
calculated results are based on the equivalent circuit givenmeasurements using analytical formulas. These values give
Fig. 4 using the extracted extrinsic and intrinsic values. Thépout 10% error to the measured three-pSmnatrix. This
are shown in good agreement. The other hot measuremerghews the extracted element values are quite accurate. They are
to acquire the two-por§-matrix of DGMESFET at bias point then used as the initial values for optimization to acquire more
P; given in Fig. 3 to extract the intrinsic elements of FET1accurate results. The results using the developed extraction
Fig. 14 shows the measured and calculafegarameters. formula shows that the described procedure gives a practical
The extracted values of extrinsic and intrinsic elements a#&d accurate approach for DGMESFET characterization.
then given as the initial values for the optimization calculation
using HP/EEsof to fit the equivalent circuit given in Fig. 2 to ACKNOWLEDGMENT

the measured three-poft-matrix of DGMESFET biased at  The authors would like to thank H. C. Hong of HEXAWAVE
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This shows that the elements acquired using the developggrk.

extracted formula and the corresponding measurements can

give a very closed result to the measurgdmatrix. At the REFERENCES
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